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I r r a d i a t i o n  of R e f r a c t o r y  Fuel  Compounds, 
U02 and UC, a t  High S p e c i f i c  Power t o  High 
Burnup s 
by 
M.  G .  Balfour  
ABSTRACT 
T h i r t e e n  f u e l  c a p s u l e s ,  c o n t a i n i n g  UO and UC f u e l  p i n s ,  were designed f o r  2 
i r r a d i a t i o n  a t  power l e v e l s  from 20 t o  50 k w l f t ,  and t o  a c h i e v e  burnups 
between 10,000 and 80,000 MWDIMTU. Four of t h e  c a p s u l e s  were i r r a d i a t e d  a t  
approximately 30 k w / f t  t o  burnups of approximately 10,000 and 
The h i g h  i n c i d e n c e  of U 0 2  p i n  f a i l u r e  (7  o u t  of 1 2 )  i n  t h e s e  c a p s u l e s  
r e s u l t e d  i n  r e - e v a l u a t i o n  and t e r m i n a t i o n  of t h e  program. None of t h e  UC 
f u e l  p i n s  i n  t h e s e  c a p s u l e s  f a i l e d .  Four o t h e r  c a p s u l e s  r e c e i v e d  p a r t i a l  
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SECTION 1 
INTRODUCTION 
Program D e s c r i p t i o n  
A j o i n t  Westinghouse (NES)-NASA program* was under taken  i n  mid-1963 f o r  t h e  
i r r a d i a t i o n  of r e f r a c t o r y  f u e l  compounds UO 
t o  h i g h  burnups i n  t h e  NASA Plumbrook Reactor  F a c i l i t y  (PBRF). These f u e l s  
were recognized  as  having t h e  p o t e n t i a l  of be ing  u t i l i z e d  a t  h i g h  s p e c i f i c  
power and burnups i n  a v a r i e t y  of r e a c t o r  types .  However, a d d i t i o n a l  i r r a d i -  
a t i o n  d a t a  on b o t h  uranium c a r b i d e s  and o x i d e s  were r e q u i r e d  t o  e s t a b l i s h  
w i t h  conf idence  t h e  performance l i m i t a t i o n s  of t h e s e  f u e l s .  Accordingly,  a n  
i r r a d i a t i o n  program w a s  designed w i t h  t h e  fo l lowing  v a r i a b l e s :  a )  f u e l  rod 
power l eve l ,  b)  f u e l  burnup, and c )  degree  of r e s t r a i n t  provided by t h e  c lad-  
d ing .  A series of UO and UC f u e l  p i n s ,  i n  c a p s u l e s  of f o u r ,  w a s  scheduled 
f o r  i r r a d i a t i o n  a t  power l e v e l s  between 20 and 50 k w / f t  t o  burnups between 
10,000 and 80,000 MWD/MTU. 
and UC a t  h i g h  s p e c i f i c  power 2 
2 
Westinghouse designed and f a b r i c a t e d  t h e  fue l -bear ing  c a p s u l e s  (a t o t a l  of 
t h i r t e e n )  and prepared  a d e s i g n  and s a f e g u a r d s  a n a l y s i s  manual and a n  o p e r a t i n g  
procedures  manual. 
i n  t h e  "L" h o l e s  i n  t h e  pr imary b e r y l l i u m  r e f l e c t o r  of t h e  PBRF. 
The c a p s u l e s  were i r r a d i a t e d  i n  h o l d e r s  des igned  t o  f i t  
The m a j o r i t y  of p o s t - i r r a d i a t i o n  examinat ions w e r e  conducted a t  PBRF. I n  
a d d i t i o n  t o  d isassembly ,  t h i s  inc luded  photography, dimensioning,  f i s s i o n  g a s  
c o l l e c t i o n ,  s e c t i o n i n g  of f u e l  p i n s ,  p r e l i m i n a r y  mounting of m e t a l l o g r a p h i c  
specimens,  d e n s i t y  measurement of f u e l  samples ,  and burnup a n a l y s i s  by 
cesium-137 r a d i o c h e m i s t r y  and uranium and plutonium i s o t o p i c  d i s t r i b u t i o n  by 
mass spec t romet ry .  F i n a l  p r e p a r a t i o n  and photography of m e t a l l o g r a p h i c  
specimens and a n a l y s i s  of f i s s i o n  g a s  w a s  done by - WAPD i n  i t s  own h o t  ce l l s .  
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A f i r s t  i n t e r i m  report ' ' ]  on t h e  i r r a d i a t i o n  performance of c a p s u l e  I has  
been p u b l i s h e d .  
pr imary s u b j e c t  of t h i s  r e p o r t .  
Subsequent c a p s u l e  i r r a d i a t i o n s  and program changes are t h e  





CAPSULE DESIGN AND IRRADIATION PARAMETERS 
2 . 1  Capsule  and F u e l  P i n  Design 
Table  1 summarizes t h e  d e s i g n  parameters  of t h e  f u e l  c a p s u l e s  and p i n s  
f a b r i c a t e d  f o r  t h e  program. 
Each f u e l  p i n  w a s  composed of a 4-inch long column of 0.300-inch d i a m e t e r ,  
0.5-inch long ,  undished p e l l e t s .  The UC was arc cast  and h y p e r s t o i c h i o m e t r i c  
(4 .9  w/o C max.). The UO w a s  nominal ly  s t o i c h i o m e t r i c ,  s i n t e r e d  t o  96 p e r c e n t  
of t h e o r e t i c a l  d e n s i t y .  I n  each p i n  t h e r e  w a s  a s u i t a b l e  d i a m e t r a l  gap t o  
accommodate thermal  expansion of f u e l  o p e r a t i n g  a t  nominal powers of from 
20 t o  50 k w / f t .  
2 
The p i n s  were c l a d  w i t h  annealed A I S 1  348 s t a i n l e s s  s tee l .  I n  each  c a p s u l e  
t h e  c l a d d i n g  on t h e  UO p i n s  w a s  a l t e r n a t e l y  lo- ,  20-, and 30-mils t h i c k  and 
t h e  c l a d d i n g  on t h e  UC p i n  20-mils t h i c k .  Each p i n  w a s  surrounded by e i t h e r  
a NaK (Capsules  1-6) o r  Na (Capsules 7-13) annulus  conta ined  i n  a n  o u t e r  
50-mil t h i c k  can  of Type 304 s t a i n l e s s  s tee l .  
a number of t e n s i l e  w i r e s  r e p r e s e n t i n g  a v a r i e t y  of p o t e n t i a l  c ladding  
materials were p laced  i n  t h e  c a p s u l e s .  Three t e n s i l e  wires were f i t t e d  i n t o  
t h e  N a K  o r  N a  annulus  of each c a n ,  and f o u r  t e n s i l e  wires were t rapped  i n  
each of t h e  f o u r  f low d i v i d e r s  i n  t h e  c a p s u l e ,  f o r  a t o t a l  of 28 w i r e s .  I n  
a d d i t i o n  t o  t h e  f u e l  i n  each p i n ,  t h e r e  w a s  a t u b u l a r  s p a c e r  above t h e  f u e l  
t o  p r o v i d e  a plenum f o r  f i s s i o n  g a s ,  as w e l l  a s  t o  res t r ic t  t h e  f r e e  a x i a l  
expansion of t h e  s h o r t  f u e l  column. There w a s  a deformable expansion marker 
below t h e  f u e l  in tended  t o  r e c o r d  t h e  maximum r e l a t i v e  a x i a l  motion of c ladding  
and f u e l .  
2 
I n  a d d i t i o n  t o  t h e  f u e l  p i n s ,  
3 
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SUMMARY OF FUEL CAPSULE DESIGN 
Enrichment: 348 Stainless Steel 


























































A1 um inum 
4 
l  
    GN 
ti io  r ent   t e s t  
aps l  l - 5,  l a l,   aps l  ateri  
U0 2 l i u~ ~   
 UC  
U0 2 or at t e s ~ !  t   
UC 8  
U0 2 or at t ess ~ ~  t   
UC 8  
 U0 2 . l i u ~ ~   
 UC   
 U0 2 . l i u ~ ~   
UC  
 U0 2 . l nu ~ ~    
 UC   
U0 2 .  l num ! t   
UC  
 U0 2 . l num ~ ~    
 UC   
 
Table  1 (Continued) 
I d e n t i f i c a t i o n :  Enrichment: 348 S t a i n l e s s  S tee l  
Capsule - P i n  Fuel  U-235, % Clad Wall, I n c h  Capsule Material -





J 10-2A 10-3A 
10-4A uc 




u02 12-1A 12-2A 
12-3A 
12-4A uc 
13(10)-3b U 0 2  
1 
1 3  (10) -4 uc 
13(11)-4 
1 3  (12) -4 
17 .5  
1 
1 4  
12 .5  
1 
1 0  
12.5 
1 0  
1 2 . 5  
10 
8 . 5  
6.8 




















S t a i n l e s s  S t e e l  
S t a i n l e s s  S tee l  
S t a i n l e s s  S tee l  
S t a i n l e s s  S tee l  
a 
f a b r i c a t i o n  of t h e s e  f u e l  p i n s .  
bThe number i n  p a r e n t h e s i s  r e f e r s  t o  t h e  c a p s u l e  o r i g i n a l l y  d e s i g n a t e d  f o r  
f u e l  of t h i s  enr ichment .  
The A s t a n d s  f o r  t h e  a l t e r n a t e  ( h i g h e r )  enr ichment  f i n a l l y  s e l e c t e d  f o r  t h e  
5 
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 UC  
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ll-lA U0 2    ll-  
+ ~ ll-   ll-  UC  
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b 
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Each c a p s u l e  conta ined  f o u r  f u e l  p i n s ,  e q u a l l y  spaced on a one-inch d iameter  
c i rc le .  Four aluminum f low d i v e r t e r s  were screwed onto  t h e  c a p s u l e  body, 
w i t h  recesses between t h e  body and t h e  d i v e r t e r s  f o r  i n s e r t i o n  of t e n s i l e  
wires. The c a p s u l e  b o d i e s  were c o n s t r u c t e d  w i t h  e i t h e r  aluminum o r  s t a i n l e s s  
s tee l ;  0.010-inch t h i c k  boronated s t a i n l e s s  steel  f o i l  was wrapped and welded 
around s e v e r a l  c a p s u l e s  as a f l u x  s u p p r e s s o r .  
The c a p s u l e s  were i r r a d i a t e d  i n  tandem p a i r s  i n  a h o l d e r  des igned  t o  f i t  i n t o  
t h e  tes t  h o l e s  of t h e  r e a c t o r .  The c a p s u l e s  were removable,  t h u s  a l l o w i n g  
p e r i o d i c  changes t o  h o l d e r s  composed of boronated s t a i n l e s s  s tee l ,  s t a i n l e s s  
s t ee l ,  o r  aluminum as r e q u i r e d  f o r  f u e l  power r e g u l a t i o n .  
D e t a i l e d  d e s c r i p t i o n s  of t h e  i r r a d i a t i o n  h o l d e r s ,  t es t  c a p s u l e s ,  and f u e l  
p i n s  are g i v e n  i n  r e f e r e n c e  2. 
d e n s i t y  measurements are inc luded .  
each of t h e  13 c a p s u l e s  f a b r i c a t e d  f o r  t h e  program. 
P r e - i r r a d i a t i o n  dimensional  and f u e l  p e l l e t  
Table  1 summarizes t h e  composi t ion of 
2.2 IRRADIATION D E S I G N ;  BURNUP AND POWER CALCULATIONS 
2 .2 .1  O r i g i n a l  I r r a d i a t i o n  Design 
The o r i g i n a l  r e a c t o r  tes t  h o l e  l o c a t i o n s ,  c a l c u l a t e d  power l e v e l s  and t a r g e t  
burnups are p r e s e n t e d  i n  Table  2. 
d e s i g n  t o  m a i n t a i n  c o n s t a n t  power l e v e l s  of t h e  c a p s u l e s  throughout  t h e i r  
i r r a d i a t i o n .  
S e v e r a l  o p t i o n s  were provided by t h e  adopted 
a.  Burnable  poison  s l e e v e s  (boronated s t a i n l e s s  s t e e l )  were i n c o r p o r a t e d  
i n t o  s e v e r a l  c a p s u l e s  (Table  1) t o  reduce  t h e  i n i t i a l  n e u t r o n  f l u x ;  
once burned o u t ,  t h e s e  s l e e v e s  cannot  be r e p l a c e d .  S e v e r a l  c a p s u l e  
h o l d e r s  (Table  2) were a l s o  b u i l t  w i t h  boronated  s t a i n l e s s  s teel  s l e e v e s ;  
p e r i o d i c  replacement  w i t h  f r e s h  h o l d e r s  w a s  p o s s i b l e .  
b. A s  power d e c l i n e d ,  t h e  h o l d e r  s l e e v e  around t h e  c a p s u l e  could b e  
r e p l a c e d  w i t h  a n o t h e r  h o l d e r  s l e e v e  t h a t  depressed  t h e  f l u x  less 
( e . g . ,  a n  aluminum h o l d e r  could  r e p l a c e  a s t a i n l e s s  s teel  h o l d e r ) .  
c .  The r e a c t o r  p o s i t i o n  of t h e  c a p s u l e s  could be changed t o  h i g h e r  
f l u x  r e g i o n s .  
6 
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DESIGN POWER LEVEL AND BURN UP 
Scheduled Scheduled Peak 
Capsule Holder Reactor Mean Initial Initial Heat Flux, Target Burnup, 
No. Material Position Power, Kw/fta BTU/hr-ft2 b (U02) 
1 55 LA-1 32.19 1.64 x 10 6 8560 
2 B-5S LA-ll 19.07 1. 07 x 10 6 25480 
3 B-55 LA-ll 19.07 1.07 x 10 6 40200 
4 B-55 LA-ll 28.7 1.57 x 10 6 10140 
5 B-5S LB-1 28.7 1.69 x 10 6 25020 
6 B-S5 LB-1 28.7 1.69 x 10 6 46280 
7 B-SS LC-1 38.05 2.24 x 10 6 10110 
8 B-S5 LC-1 38.05 2.24 x 10 6 25600 
9 B-SS LC-1 38.05 2.24 x 10 6 40170 
10 SS LA .... 1 35.89 1. 94 x 10 6 59100 
11 SS LA-1 35.89 1. 94 x 10 6 68600 
12 SS LC-ll 47.17 2.74 x 10 6 80410 
13 A1 LC-11 39.14 2.30 x 10 6 57330 
aCa1cu1ated for U0 2 fuel (fission heat only). Power levels in UC pins are higher by a factor of 1.063. 
bCa1cu1ated for UC fuel pins at the c1adding-NaK interface (Dia. = 0.344 in.); includes gamma heat 
















A l l  t h e s e  methods were employed, i n  v a r i o u s  combinat ions,  f o r  t h e  c a p s u l e s  
a c t u a l l y  i r r a d i a t e d .  Another minor d e v i c e  used f o r  power r e g u l a t i o n  involved  
exchanging t h e  p o s i t i o n s  of t h e  two c a p s u l e s  i n  a h o l d e r  t o  t a k e  advantage  of 
s l i g h t l y  d i f f e r e n t  a x i a l  f l u x  l e v e l s .  To s c h e d u l e  t h e  a b s o r b e r  and r e a c t o r  
p o s i t i o n  changes and t o  p r e d i c t  a t t a i n m e n t  of burnups,  a c a l c u l a t i o n a l  model 
f o r  power and Uranium-235 d e p l e t i o n  w a s  developed. 
on t h e  unper turbed  n e u t r o n  f l u x  i n  v a r i o u s  r e a c t o r  p o s i t i o n s  and d a t a  on t h e  
p e r t u r b i n g  e f f e c t s  of t h e  f u e l  and a b s o r b e r  s l e e v e s .  A s  a r e s u l t ,  a number of 
go ld  f o i l  a c t i v a t i o n  experiments  were made w i t h  dummy c a p s u l e s  c o n t a i n i n g  
U 0 2  f u e l  p e l l e t s  i n  t h e  low-power Mockup Reactor  (MUR) a t  t h e  Plumbrook s i te .  
The c a l c u l a t i o n a l  model, t h e  MUR exper iments ,  and a p p l i c a t i o n s  f o r  de te rmining  
a t y p i c a l  c a p s u l e  schedul ing  sequence f o r  i r r a d i a t i o n  i n  t h e  r e a c t o r  are  
p r e s e n t e d  i n  r e f e r e n c e  3 .  
The model r e q u i r e d  d a t a  
The d e s i g n  power l e v e l s  i n T a b l e  2 r e p r e s e n t  i n i t i a l  estimates of n e u t r o n  f l u x  
l e v e l s  and p e r t u r b a t i o n  e f f e c t s .  Subsequent c r i t i c a l  experiments  and 
c a l c u l a t i o n s  a l t e r e d  t h e  numbers l i s t e d ,  and r e s u l t e d  i n  changes i n  t h e  program. 
2.2.2 Program Change and F i n a l  Terminat ion 
Two compell ing f a c t o r s  l e d  t o  a n  e x t e n s i v e  r e - e v a l u a t i o n  (in t h e  f a l l  of 1966) 
and a l t e r a t i o n  of t h e  o r i g i n a l  i r r a d i a t i o n  s c h e d u l e ,  as l i s t e d  i n  Table  2 .  
These f a c t o r s  were: 
a. S a f e t y  L i m i t a t i o n s  
Flux l e v e l s  determined i n  MUR experiments  were h i g h e r  t h a n  o r i g i n a l l y  
a n t i c i p a t e d .  T h i s ,  t o g e t h e r  w i t h  a l a r g e  u n c e r t a i n t y  f a c t o r  (+25%) 
i n  f l u x  l e v e l s ,  made i t  imposs ib le  t o  i r r a d i a t e  t h e  17 .5  w/o (UO ) 
c a p s u l e s  w i t h i n  t h e  power l e v e l s  d i c t a t e d  by f u e l  p i n  containment  can 
stress l i m i t a t i o n s .  
2 
b. Excessive Inc idence  of Fuel  P i n  F a i l u r e s  
I r r a d i a t i o n  of c a p s u l e s  1 0  and 11 (12.5 w/o, ~ 3 0  kw/ft.,  60,000 
MWD/MTU) w a s  t e rmina ted  and p r e l i m i n a r y  p o s t - i r r a d i a t i o n  examinat ion 
r e v e a l e d  probable  f a i l u r e  i n  f i v e  of t h e  s i x  UO f u e l  p i n s .  I n  2 
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a d d i t i o n ,  s i n g l e  f a i l u r e s  occurred  i n  b o t h  c a p s u l e  1 and 4 ,  which were 
i r r a d i a t e d  t o  much lower burnups (1.10,OOO MWD/MTU). None of t h e  UC p i n s  
f a i l e d .  
A t y p i c a l  UO p i n  f a i l u r e  from t h e  h igh  burnup c a p s u l e s  1 0  and 11 i s  shown 
i n  F igure  1. The o u t e r  can  of f u e l  p i n  11-3 h a s  been l o n g i t u d i n a l l y  s l i t  t o  
r e v e a l  a f a i l u r e  a t  t h e  t o p  of t h e  p i n  from a molten c l a d d i n g .  
v i s i b l e  are  two t e n s i l e  w i r e s  ( f a s t e n e d  a t  t h e  top)  which were i r r a d i a t e d  i n  
t h e  l i q u i d - m e t a l  annulus  between t h e  f u e l  c l a d d i n g  and t h e  can .  
2 
Also 
The c a p s u l e  i r r a d i a t i o n  g o a l s  l i s t e d  i n  Table  2 were a l t e r e d  t o  a s s u r e  con- 
ta inment  can s t r u c t u r a l  i n t e g r i t y  and minimize t h e  p o s s i b i l i t y  of premature 
f u e l  p i n  f a i l u r e .  Capsules  7 ,  8 ,  9,  1 2  and 1 3  were d e l e t e d  from t h e  program; 
c a p s u l e s  5 and 6 ,  which had ear l ie r  exper ienced  p a r t i a l  i r r a d i a t i o n ,  were 
r e t a i n e d  f o r  f u r t h e r  exposure.  A t a r g e t  UO burnup of 35,000 MWD/MTU was 
s p e c i f i e d  f o r  c a p s u l e s  3 (nominal ly  20 kw/f t )  and 5 (%30 k w / f t )  and a burnup 
of 60,000 MWD/MTU was s p e c i f i e d  f o r  c a p s u l e s  2 (1.20 k w / f t )  and 6 ( % 3 0 / f t ) .  
2 
The program w a s  f o r m a l l y  te rmina ted  by mutual consent  of NASA and - WAPD i n  
l a t e  May, 1968. Up t o  t h i s  d a t e  i r r a d i a t i o n  of c a p s u l e s  1, 4 ,  1 0 ,  and 11 had 
been completed.  P a r t i a l  i r r a d i a t i o n  of c a p s u l e s  2 and 3 had taken  p l a c e  i n  
test h o l e  LA-11 ( c f .  s e c t i o n  3 ) ,  and i r r a d i a t i o n  of c a p s u l e s  5 and 6 i n  
p o s i t i o n  LA-1 had been resumed b u t  n o t  completed.  There were s e v e r a l  r e a s o n s  
f o r  t e r m i n a t i o n  of t h e  program. S ince  program concept ion  i n  l a t e  
1962 ,  t h e  emphasis had changed on t e s t i n g  of UO f u e l s  f o r  commercial power 
r e a c t o r  a p p l i c a t i o n s .  The e s t a b l i s h m e n t  of a b s o l u t e  o p e r a t i n g  l i m i t s  of  
molten U0 f u e l  w a s  no l o n g e r  of pr imary i n t e r e s t  f o r  water r e a c t o r s .  Fur ther -  




i n  t h e  l i t e r a t u r e  [ 4 9 5 9 6 1 .  Because t h e  d e s i g n  of t h e  Plumbrook c a p s u l e s  w a s  
formula ted  ear l ie r ,  i t  w a s  t o o  l a t e  t o  i n c o r p o r a t e  changes (such as cored 
p e l l e t s )  which would prevent  f u e l  p i n  f a i l u r e s  r e s u l t i n g  from t h e  e f f e c t s  of 
UO c e n t e r  m e l t i n g ,  g r o s s  f u e l  s w e l l i n g ,  and p o s s i b l e  molten f u e l - c l a d d i n g  
c o n t a c t .  The p o t e n t i a l  v a l u e  of t h e  Plumbrook c a p s u l e s  t h e r e f o r e  amounted 
t o  a n  accumulat ion of d a t a  on f i s s i o n  g a s  release as a f u n c t i o n  of burnup, 
and t h e  e f f e c t  of h igh  burnup and c l a d  r e s t r a i n t  on f u e l  s w e l l i n g  a t  moderate 
power l e v e l s .  However, t h e  occurrence  of c e n t e r  f u e l  m e l t i n g  would tend  t o  
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C a l c u l a t i o n s  of peak power l e v e l s  (based upon cycle-average f l u x  d a t a  f o r  
LA-1 and LA-11) f o r  s i x  f u e l  c a p s u l e s  a r e  g iven  i n  Table  3 .  I n s t a n t a n e o u s  
peak powers d u r i n g  t h e  c o u r s e  of a r e a c t o r  c y c l e  would be approximately t e n  
p e r c e n t  h i g h e r .  
These c a l c u l a t i o n s  do n o t  i n c l u d e  t h e  approximately 30 p e r c e n t  combined uncer- 
t a i n t i e s  o r  gamma h e a t i n g .  
accounts  f o r  peak power levels c o n s i d e r a b l y  i n  e x c e s s  of t h e  average  v a l u e s .  
The peaks occur  f a i r l y  c l o s e  t o  t h e  beginning of i r r a d i a t i o n , - - a  c o n d i t i o n  
dependent upon t h e  employment of burnable-poison a b s o r b e r  s l e e v e s .  
l e v e l s  i n  t h e  UC f u e l  p i n s  are  comparable ( a  f a c t o r  of 1.063 h i g h e r ) ,  b u t  
c e n t e r  m e l t i n g  i s  n o t  reached.  
h i g h  b u l k  thermal  c o n d u c t i v i t y  f o r  UC f u e l ,  e n a b l i n g  ex t remely  h i g h  power 
levels t o  b e  achieved  w i t h o u t  compromising f u e l  p i n  i n t e g r i t y .  
The presence  of a x i a l  and r a d i a l  f l u x  g r a d i e n t s  
Peak power 
This  c o n d i t i o n  r e s u l t s  from a compara t ive ly  
TABLE 3 
CALCULATED PEAK POWER LEVELS: IRRADIATED U 0 2  FUEL PINS 
Peak, Peak Heat Fiux,  Design, E f f e c t i v e  F u l l  Power 
Capsule No. kw/f t  BTU/ hr- f t kw/f t (avg . ) T i m e ,  106 sec 
2,  3 28.8 1.16 x 1 0  %2 0 2.16 
6 
5, 6 4 2 . 2  1.67 x 10 %30 3 . 5 7  
6 
6 
1 0 ,  11 34.9 1 . 4 1  x 1 0  %30 0 
The d i s c o v e r y  t h a t  f i v e  of s i x  UO 
i n d i c a t e d  p r o b a b l e  f a i l u r e s  i n  c a p s u l e s  5 and 6. 
no method a v a i l a b l e  a t  t h a t  t i m e  s h o r t  of d e s t r u c t i v e  examinat ion,  t o  de te rmine  
whether  t h e  f u e l  p i n s  (doubly e n c a p s u l a t e d )  i n  t h e  l a t t e r  c a p s u l e s  were sound. 
f u e l  p i n s  f a i l e d  i n  c a p s u l e s  10 and 11 t h u s  2 
U n f o r t u n a t e l y ,  t h e r e  w a s  
I n  a d d i t i o n ,  i t  w a s  c a l c u l a t e d  t h a t  some c e n t e r  m e l t i n g  would 
t h e  nominal 20 k w / f t  U 0 2  f u e l  p i n s .  (A minimum of %26 k w / f t  
s u f f i c i e n t ) .  For t h e s e  r e a s o n s  t h e  q u a l i t y  of d a t a  r e s u l t i n g  
occur  even i n  
peak would be 
from cont inued  
i r r a d i a t i o n  w a s  cons idered  t o  b e  i n s u f f i c i e n t  t o  j u s t i f y  p o s t - i r r a d i a t i o n  
  erage    
-l -ll)   l     
    
i     r-
i s  l   
r l     
rly    iation, -a 
  l is n  
    l    r 
   ts  
    , i   
     i  l  
 
  2  
,  t 2 ,  l  s l  . /ft U/hr-ft /ft .) , 6  
,  .  .   0 ~2
,  .  .   ~30 .  
,  .  .   0 ~30  
 ry  ive ix 0 el s iled n les    s 
te  le l res n les  t l , re s 
 l le t t ime t tive   
r e el s s lated) n e t  l s  
 i ,  s l te  t  r i g    n 
  2 el  ~26    
 se sons e ity ta lting r  ti  
r i tion s  o  i i t o ify  
11 
examinat ions.  The program was a c c o r d i n g l y  d i s c o n t i n u e d .  
A t  t h e  t i m e  t h e  program w a s  te rmina ted  t h e  i r r a d i a t i o n  of c a p s u l e s  1, 4 ,  1 0  
and 11 had been completed.  A comprehensive report"] on c a p s u l e  1 has  been 
publ i shed .  Examination of t h e  o t h e r  t h r e e  c a p s u l e s  a t  t h e  PBFR h o t  c e l l s  
inc luded  disassembly and v i s u a l  examinat ion,  dimensional  measurements, f u e l  
d e n s i t y  d e t e r m i n a t i o n s ,  f i s s i o n  g a s  c o l l e c t i o n ,  and burnup a n a l y s i s .  The 
d a t a  ( a v a i l a b l e  from NASA) have n o t  been e v a l u a t e d  and t h e r e f o r e  are n o t  
p r e s e n t e d  i n  t h i s  r e p o r t .  No f u r t h e r  p o s t - i r r a d i a t i o n  examinat ions w i l l  be  
performed by Westinghouse. A l l  c a p s u l e s  and a s s o c i a t e d  hardware are be ing  
d isposed  of by Westinghouse. Capsules  6 and 1 2 ,  and h o l d e r s  018 and 019 are  
being r e t a i n e d  by NASA. 
A b r i e f  summary of t h e  i r r a d i a t i o n  h i s t o r y  of t h e  c a p s u l e s  i s  p r e s e n t e d  i n  t h e  
fo l lowing  s e c t i o n .  
1 2  
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SECTION 3 
IRRADIATION HISTORY OF THE FUEL CAPSULES 
A summary of t h e  i r r a d i a t i o n  h i s t o r y  of each f u e l  c a p s u l e  l i s t e d  i n  Table  1 
i s  g i v e n  below: 
3 . 1  Capsule 1 
See  s e c t i o n  3 . 5  below. 
3 .2  Capsules  2 and 3 
Capsule P a i r  Loading Sequence: 
Reactor  Capsule 
P o s i t i o n  Holder Loading 
LA- 1 Upper P o s i t i o n  2 2 3 o u t  
Lower P o s i t i o n  3 3 2 o u t  
Reac tor  Cycle (beginning)  59P 61P 7 2P 73P 
0 2.16 11.98 13.085 T i m e  (EFPT), 10 sec 
Date 3/16/67 5/15/67 12/15/67 1 / 5 / 6 8  
Holder Material B-SS B-SSa A 1  
6 
------ 
a New B-SS Holder a t  t h i s  t i m e .  
I r r a d i a t i o n  exposure i s  r e p o r t e d  as e f f e c t i v e  f u l l  power t i m e  (EFPT). 
2 and 3 were f a b r i c a t e d  w i t h  boronated s t a i n l e s s  s t ee l  (B-SS) s l e e v e s  (Table  1 ) .  
However, i t  w a s  necessary  t o  remove t h e  B-SS wrap on t h e s e  c a p s u l e s  p r i o r  t o  t h e  
b e g i n n i n g o f  i r r a d i a t i o n  t o  f i t  them i n t o  t h e  d e s i g n a t e d  h o l d e r .  The r e s u l t  
w a s  a n  i n c r e a s e  i n  i n i t i a l  power of about  25%. I r r a d i a t i o n  of c a p s u l e s  2 
and 3 w a s  te rmina ted  a f t e r  c y c l e  72P; no p o s t - i r r a d i a t i o n  examinat ions 
were conducted.  
Capsules  
1 3  
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3.3 Capsules  4 ,  5 and 6 
Capsule Pa i r  Loading Sequence: 
Reac tor  Capsule 
P o s i t i o n  Holder Loading 
LA-11 Upper P o s i t i o n  4 5 o u t  5 o u t  
Lower P o s i t i o n  6 6 o u t  6 o u t  
Reactor  Cycle 30P 36P 38(B)P 64P 7 3P 
(Beginning) 
T i m e  (EFPT), 0 4.43 6.435 6.435 14.42 
Date 2/25/65 7/15/65 8 /27/65  8/16/67 1 / 5 / 6 8  
Holder Material B-SS B-SSa ------- B-SSa -----_ 
106 sec 
a New B-SS Holder 
6 
Upon complet ion of i r r a d i a t i o n ,  Capsule 4 had a n  EFPT of 4.43 x 10 sec. and 
a n  e s t i m a t e d  a v e r a g e  UO burnup of about  11,400 MWD/MTU. P o s t - i r r a d i a t i o n  
examinat ion a t  t h e  PBFR h o t  c e l l s  r e v e a l e d  t h a t  f u e l  p i n  4-1 (UO 12.5 w/o, 
0.010 i n . c l a d )  had f a i l e d .  A s e c t i o n  of t h e  p i n  had melted and d i s i n t e g r a t e d  
about  one- th i rd  of t h e  way from t h e  bottom. I r r a d i a t i o n  of c a p s u l e s  5 and 6 




3 . 4  Capsules  7 ,  8 and 9 
These c a p s u l e s  were n o t  i r r a d i a t e d .  
1 4  
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3.5 Capsules  1 0  and 11 (and 1 )  
Capsule Loading Sequence: 
Reactor  Capsule 
P o s i t i o n  Holder Loading 
LA-1 Upper P o s i t i o n  1 11 10 10 A- la  o u t  
Lower P o s i t i o n  10 10 11 11 11 o u t  
Reactor  Cycle 20P 2 7 P ( I I )  39P 48P 53P 57P 
(Beginning) 
T i m e ,  (EFPT), 0 3 .23  11.57 19.26 23.47 25.67 6 10 sec 
Date 7/1/64 11/15/67 10125165 7/1/66 9/12/66 ---- 
Holder Material SS ss ss A 1  A 1  
a Dummy Capsule 
Capsules  1 and 10 were removed f o r  gamma scanning f o r  t h e  d u r a t i o n  of c y c l e  
21P (7129 - 8 / 6 / 6 4 ) .  
a f t e r  c y c l e  27P ( P a r t  I) w i t h  a n  exposure of 3.23 x 1 0  s e c .  Average measured 
burnup (U02) w a s  about  8700-10,400 MWD/MTU. 
c l a d d i n g )  f a i l e d  w i t h  a l a r g e  c l a d d i n g  r u p t u r e  and l o s s  of f u e l .  Although 
a d e f i n i t e  e x p l a n a t i o n  of t h e  f a i l u r e  could n o t  b e  found,  t h e  exper imenta l  
o b s e r v a t i o n s  on t h e  UO f u e l  p i n s  confirmed p r e d i c t e d  behavior  based upon t h e  
d e s i g n  mean power l e v e l  (Table  2 ) .  Fue l  p i n  1-4 (UC, 6.8 w/o, 0.020 i n .  c lad-  
d i n g )  achieved a a v e r a g e  burnup of about  9300 MWD/MTU. F i s s i o n  g a s  r e l e a s e  
w a s  low (0 .55%),  and f u e l  volume s w e l l i n g  was approximately 4 p e r c e n t  as 
determined from m e t a l l o g r a p h i c  and d e n s i t y  measurements. 
Capsule 1 was removed f o r  p o s t - i r r a d i a t i o n  examinat ion 
6 
P i n  1-2 (U02, 8 .5  w/o, 0.020 i n .  
l 
2 
F u r t h e r  d e t a i l s  are 
g i v e n  i n  NASA-CR-72019 [ l l  . 
Capsules10 and 11 were removed a f t e r  accumulat ing 23.47 x l o 6  sec and 
22.44 x 10 sec (%60,000 MWD/MTU), r e s p e c t i v e l y .  During c y c l e  56P, c a p s u l e  11 
exper ienced  a loss -of -coolan t  f low t r a n s i e n t .  The c a p s u l e  was removed f o r  
disassembly and examinat ion,  which r e v e a l e d  two UO f u e l  p i n  f a i l u r e s .  
6 
2 
I Consequently no f u r t h e r  i r r a d i a t i o n  w a s  scheduled f o r  c a p s u l e  10.  
15 
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onsequently no f rt er irra iati  as scheduled for capsule 10. 
 
Fuel  p i n s  10-1, 10-2, and 10-3 (U02, 12 .5  w/o) a l l  f a i l e d ;  f u e l  p i n s  11-1 and 
11-3 (U02, 12 .5  w/o) a l s o  f a i l e d .  
m e l t i n g  and v a r i o u s  d e g r e e s  of d i s i n t e g r a t i o n  of t h e  f u e l  p i n s  ( c . f .  F i g u r e  1). 
N e i t h e r  UC f u e l  p i n  (10-4,  11-4) f a i l e d .  No f u r t h e r  p o s t - i r r a d i a t i o n  examina- 
t i o n s  were performed a f t e r  i n i t i a l  examinat ions a t  t h e  PBRF Hot Cells. 
The f a i l u r e s  were c h a r a c t e r i z e d  by c l a d  
3.6 Capsules  1 2  and 1 3  
These c a p s u l e s  were n o t  i r r a d i a t e d  (Capsule 1 2  w a s  used i n  MUR c r i t i c a l  ex- 
p e r i m e n t s ) .  
16 
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SECTION 4 
SUMMARY AND CONCLUSIONS 
T h i r t e e n  f u e l  c o n t a i n i n g  b o t h  U 0 2  and UC f u e l  p i n s  was des igned  f o r  i r r a d i a -  
t i o n  a t  lower l e v e l s  from 20 t o  50 k w / f t  and t o  burnups between 
10,000 and 80,000 MWD/MTU. 
k w / f t  t o  burnups of 10,000 and 60,000 MWD/MTU. 
p i n  f a i l u r e  ( 7  o u t  of 12)  and t h e  f i x e d  capsule  d e s i g n  l e d  t o  a re- 
e v a l u a t i o n ,  and u l t i m a t e l y  t o  t e r m i n a t i o n ,  of t h e  program. None of t h e  UC 
f u e l  p i n s  f a i l e d  i n  t h e s e  c a p s u l e s .  Of t h e s e  f o u r  c a p s u l e s ,  one (number 1, 
about  30 k w / f t  and 10,000 MWD/MTU) w a s  f u l l y  examined and e v a l u a t e d ;  
r e s u l t s  were c o n s i s t e n t  w i t h  d e s i g n  p r e d i c t i o n s .  Four o t h e r  f u e l  c a p s u l e s  
were p a r t i a l l y  i r r a d i a t e d ,  b u t  r e c e i v e d  no p o s t - i r r a d i a t i o n  examinat ion.  The 
remaining f i v e  c a p s u l e s  were not  i r r a d i a t e d .  
Four of t h e s e  c a p s u l e s  were i r r a d i a t e d  a t  about  30 
The h i g h  i n c i d e n c e  of U02 f u e l  
t h e  
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The a u t h o r  wishes  t o  acknowlege t h e  major c o n t r i b u t i o n  t o  t h i s  program by 
R. E .  S c h r e i b e r  (WAPD) who was t h e  r e s p o n s i b l e  engineer  u n t i l  J u n e ,  1966.  
The a u t h o r  a l s o  e x p r e s s e s  h i s  a p p r e c i a t i o n  t o  R. F. Barrows (NASA-Plumbrook) 
f o r  h i s  c o n t r i b u t i o n s  and co-operat ion.  
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